Nowadays, hydraulic actuators play an important role in a modern industry where controlled force or position with high accuracy is the most significant demand. This paper presents a new kind of hydraulic load simulator (HLS) for conducting performance and stability test in the bench system where force control is important. The system model consists of a hybrid hydro-electric actuator and another hydraulic circuit generating disturbances. For the purpose of improving force control performance of hybrid systems, a robust force controller using Quantitative Feedback Theory (QFT) technique applied to the HLS is also proposed in this paper. The controller is designed to satisfy the robust performance requirement, tracking performance specification, and disturbance attenuation despite uncertainties of HLS. Experiments are carried out to evaluate the effectiveness of the proposed control method applied for hydraulic systems even in the large varying perturbation.
INTRODUCTION
Hybrid actuation systems have a wide range of applications because of their advantages such as durability, high power, controllability, accuracy, reliability, etc ... To improve the stability and performance of the hybrid actuators, especially in dynamic loading process with unknown disturbances, some kinds of load simulator systems were presented. Su and Wang [1] presented a new kind of electro-hydraulic load simulator with high precision. The experiment results showed the effect on the way how to eliminate or reduce the disturbance torque and improve control performances of loading system. Li [2] carried out the thorough analysis and research on torque load simulator using electro-hydraulic servo control. However the control problem is very complicated because of the dynamic characteristics of the hydraulic load actuation systems are basically nonlinear and uncertain. The nonlinearities and uncertainties mainly come from the unstableness of some hydraulic parameters such as bulk modulus, compressibility of oil or viscosity of oil. The Quantitative Feedback Theory (QFT) is ideally suited to feedback design for systems with large parameter uncertainties. The concept was first introduced by Horowitz in the early 1960s and continuously developed by him and others into an efficient robust control design technique [3] . QFT technique has been successfully applied to solve many engineering problems, including robot position control, flight control actuators and manufacturing systems. In improving performance of variable-displacement hydraulic vane pump, Thompson and Kremer [4] developed a robust controller via QFT technique. The simulation results showed that the closed-loop system response remained stable under variation in fluid bulk modulus and linkage areas parameters. Niksefat and Sepehri [5] succeeded in using nonlinear QFT technique to design a robust force controller and overcame many of nonlinearities and uncertainties existed in the experimental industrial hydraulic actuators. This paper proposes a new testing model of hybrid actuator -hydraulic load simulator (HLS) which contains a hybrid hydraulic-electric actuator and a disturbance generator. Moreover, a robust force controller is also designed for the (HLS) using QFT technique. Therefore, it contains two parts: derivation of a nominal plant model with the uncertain bounds for HLS dynamics and a force control loop design based QFT. The controller is designed to satisfy the robust performance requirement, tracking performance specification, and disturbance attenuation requirement.
EXPERIMENTAL APPARATUS
The schematic diagram of the new HLS is shown in Fig.  1 . The system hardware consists of a hybrid hydraulic-electric actuator, a computer included PCI-bus multifunction cards and another hydraulic circuit generating disturbances simulating the noises in the hydraulic hybrid systems. In this model, the hybrid hydraulic-electric actuator is an intelligent hydraulic system. This is a combination of AC servo motor (SGMGH-30PCA21), piston pump, reservoir and hydraulic control circuit. The operation at the speed which meets the machine requirements (flow rate and pressure) reduces power loss, and provides energy savings. The pressure oil line from the pump without a control valve minimizes the pressure loss and substantially reduces the heat generation of hydraulic fluid. About the operation of the hybrid actuator, the bidirectional rotational pump is used and driven by the AC servo motor so that the pump can supply pressured oil in both directions. The pump is well equipped as a hydraulic driving force. With the servo drive, the digital control parameter setting facilitates the operation of the system and its maintenance. In addition, to prove the effectiveness of the presented control method when the system operates in the real conditions, another hydraulic-electric circuit is applied for generating disturbance which is a combination of band-limited white noises and a sine wave noise. The simulink interface with compatible PCI cards is used to supply the noise signal for the AC servo motor (FMA-KN55), through a hydraulic control circuit and piston to generate the perturbation environment. A compression spring with 519 kN/m stiffness is used to connect the hybrid actuator and the disturbance generator. A load cell (YG38-T5) is used for obtaining the feedback force signal. The setting parameters for the HLS system are as shown in Table 1 . In the control strategy of the hybrid hydraulic-electric actuator, the deviation between the reference input signal and the force sensor signal is measured on the PC. Here, the proposed controller processes the data inputs and the control signal is sent from the PC to the servo drive to drive the AC servo motor (SGMGH-30PCA21) by using PCI cards, consequently forming a feedback control loop. 
ROBUST CONTROLLER DESIGN
Quantitative Feedback Theory (QFT) is a unified theory that designs and implements robust control for a system with structure parametric uncertainty to satisfy the desired performance specifications, even when faced with the presence of disturbance, noise amplification or resonance. The QFT method proposes as a general control strategy the two of freedom structure presented in Fig. 3 . The output y(t) is required to track the command input r(t) and reject disturbances. The controller G(s) is to be designed so that the variation of y(t) resulting from nonlinear plant uncertainties is within allowable tolerances and that the effects of the disturbances of y(t) are acceptably small. Also, the filter F(s) must be designed to achieve the desired tracking close-loop control ratio.
Model Identification
For the purpose of controller design, the derivation of linear time-invariant equivalent models is necessary. The first step in designing a robust QFT controller is thus to derive a family of uncertainties of the plant transfer function. An equivalent family of plants can be derived analytically, numerically from a plant model or directly from plant experimental input-output data. In this study, a family of linear time invariant transfer functions for the HLS is obtained from experimental frequency responses of the system in the presence of significant uncertainty. Experimental frequency responses to a square input signal are carried out. The input signal is supplied to the driver of the AC servo motor in the load simulator part and then makes the cylinder impact on the spring-load sensing. Moreover, the maximum impact force to the load cell is 5 tonf. Therefore to avoid the damage to the load cell, the amplitude of the input signal is set to 4.2 V at which the acting force to the load sensing measured is more than 4 tonf. In the identification process, the experiment was done many times to obtain the gathering of the input and output data. To identify a family of uncertainties of the plant transfer function, the estimation of simple process models in MATLAB was used with the sampling time is 0.01s. One sample experimental result is shown in Fig. 4 . This result corresponds to the case when the maximum allowable control signal is applied to AC servo driver. As shown in the upper part of Fig. 4 , the simulation and experiment results closely agree. The HLS system can be presented by a family of second-order transfer functions as followings: 
QFT Controller Synthesis
The objective of this section is to design a robust force controller for the HLS that is represented by the uncertainty transfer function (1). In QFT, for tracking performance requirement, the strictly proper controller, G(s), and a strictly proper pre-filter, F(s), (Fig. 3) Therefore, the QFT force control loop of the HLS system is designed how the signal robust tracking meet the acceptable range of variation with respect to a reference signal as follows:
where T(s) is the closed-loop transfer function:
In QFT approach, there are two control objectives. The first is the closed-loop robust stability which must be checked with reasonable margins. By the Nyquist criterion, closed-loop stability is retained as long as the loop gain does not cross the point -1 under uncertainty. The robust stability is presented by a forbidden region about the origin which is enclosed by an M-locus in the Nichols chart. Hence, an approximately of M = 1.4 (3 dB) gain margin for the closed-loop system is given by:
where L(s), the opened-loop transfer function, is defined
The second control objective is closed-loop disturbance attenuation. For disturbance rejection at plant output, the sensitive reduction problem has to be solved. Therefore, the upper tolerance is imposed on the sensitive function. Here, a constant upper bound to limit the peak value of disturbance amplification is considered as follows:
Inequalities (3), (5) and (7) These constraints are used to determine the tracking performance, robustness and output disturbance rejection boundaries on the Nichol chart at each critical frequency as = 0.01;0.05;0.1;0.5;1.5;5;10;50;100 rad/s. A feedback design satisfies these bounds if for each critical frequency the corresponding value of the loop gain is on or above the performance boundary, output disturbance boundary and to the right of or on the robustness forbidden region. The generated QFT bounds (by constrains (3), (5) and (7)) and the final loop shaping for the HLS are shown in Fig. 6 . Based on the above analysis, the QFT robust controller is determined: 
The effect of the pre-filter is illustrated by comparing closed-loop frequency response both with and without a pre-filter. From Fig. 7 , it is clear that all tracking specifications are satisfied in frequency domain.
EXPERIMENTAL RESULTS
The QFT control algorithm and the conventional PID controller which is used to control the HLS system is built by the combination of Simulink and Real-time Windows Target Toolbox of Matlab and connected to Advantech cards. Fig. 8 displays the proposed control scheme applied to the HLS. The sampling time was set to be 0.001s for all experiments. Furthermore, in order to prove the effectuality of the proposed controller, a disturbance source containing the band-limited white noises and the sine wave noise (Fig. 8) is generated real time during the system operation as given:
where: , A are amplitude, frequency parameters of the sine wave; Rnd(t) is the random white noise signal. All the disturbance parameters are changed to generate the small or large perturbation as shown in Table 2 . The noise signal performed in (10) is sent from the computer to the AC servo drive of the disturbance generation part by the DA converter (PCI 1720). Then the controlled AC servo motor (FMA-KN55) with the hydraulic control circuit and piston are used to create the perturbation environment for the load simulator part in testing the control performance (see Fig. 1 and Fig. 8) . Furthermore, the noise signal generated in (10) is added to the signal from the system output with a chosen gain to make a challenge for the force control problem. At first, the small disturbance was generated to make comparisons of HLS using different controllers. The experiments were done with step reference input. In case of the HLS using traditional PID, the PID coefficients must be tuned by experience and trials to get the tracking performance in the acceptable range. Figure 9 Step responses of HLS using PID and QFT -In case of small disturbance Fig. 9 is the force responses with respect to step reference input. From the results, it shows that although the PID coefficients were tuned by trials, the control performance is worse than in case of using the QFT controller. Moreover, the effect of perturbation on the HLS makes the PID controller is unable to track the reference input with the allowable tolerance of error. It is shown clearly when the HLS operates in the large noise environment. Fig. 10 displays the control signals and the force response of HLS in case of step reference input and the working condition had large disturbance. These results show that conventional controller with fixed gains does not yield reasonable performance over a wide range of operating conditions. Hence, the robust force controller described in section 4 is implemented to overcome the above control problems. In order to make the comparison between the conventional PID and the QFT controller for different set-point reference inputs, the multiple step signals, is also investigated. Fig. 11 is the responses of the HLS between using the PID and the QFT controllers. The results prove that, in case of different setting-points, the responses of the system using proposed controller is more stable than the conventional one. It is clear that a good force regulation is realized in the case of using QFT to design a robust force controller.
CONCLUSIONS
This paper presents a new kind of HLS which is very convenient for conducting performance and stability test for control force of hydraulic hybrid systems. A robust force control using the QFT design technique was developed and successfully applied to the HLS. The input pre-filter transfer function F(s) and proper controller G(s) are designed to satisfy the required specifications of robust stability, robust tracking and disturbance attenuation.
The experimental evaluation compared with the conventional PID controller prove convincingly that the QFT controller could achieve good tracking with respect to different reference input signals and in case of variation of disturbances.
